Achieving reliable ignition in lean-burn natural gas engines is a challenge. To provide insight into the processes involved, direct simulations are carried out to study the influence of varying flow fluctuation scales on flames developing from kernels. This study is conducted at elevated temperature and pressure conditions relevant to lean-burn natural gas engines. The transient evolution of strain and curvature during kernel development is studied. It is observed that both strain and curvature reach statistically steady values in distinct characteristic times. The time period is about four flow time scales for strain rate and about two and a half flow time scales for curvature, respectively, and these scales are found to be independent of flow fluctuation scales and laminar flame speed of the mixture when the initial kernel diameter is larger than the integral length scale of the flow field.
INTRODUCTION
Premixed natural gas combustion is employed as a means of power generation in reciprocating engines, for both stationary and mobile applications [1] [2] [3] . In these engines, the mixture is typically burned lean in order to lower flame temperature and, hence, reduce nitric oxide emissions. Lean combustion can also increase thermal efficiency [4] . Achieving reliable ignition and complete combustion in such engines are, however, challenges. Spark ignition of lean charge results in the formation of an ignition kernel of size comparable to the spark electrode gap width. This size is typically smaller than the turbulent integral length scale in the combustion chamber. The interaction of the developing kernel with the turbulence can be conceptually described as follows: As the flame develops from the kernel, the flame itself is initially influenced by only a fraction of the turbulent length scales, i.e. by turbulent "eddies" that are smaller than the kernel size. Of course, the larger eddies can advect the kernel (in a "bulk" sense) in space [5] . As the kernel continues to grow in size with time, the flame is influenced by an increasing fraction of the turbulent length scales until the complete range of scales *Corresponding author: jabraham@purdue.edu affect the flame. During the initial turbulence-kernel interaction period, the curvature and strain statistics of the flame, i.e. their pdfs, are not "steady". This period is referred to as a "kernel development period" in this work. This period has also been referred to as "flame development period" in spark-ignited engines [4] . Once the ignition kernel is influenced by the complete range of turbulent scales, it attains steady Gaussian-like statistics for curvature and strain rate. In other words, a quasi-steady state is achieved [6] . This state is also referred to as a "fully developed" flame propagation stage. Note that the propagation is always unsteady in the sense that the burned gas zone is always getting larger.
The strain rate and curvature statistics of turbulent flame kernels have been studied using experiments and two-dimensional (2D) and three-dimensional (3D) direct numerical simulations (DNS) in the past. These studies have, however, not distinguished between the two distinct stages of "development" and "full-developed" phases of flame propagation which are of interest in spark-ignited engines. Bruno et al. [7] experimentally studied the turbulent strain rate influence on flames which developed from spark-ignited kernels in a wind-tunnel. A strong correlation between strain rate and flame curvature was demonstrated. The focus of the work appears to have been on steady statistics. Jenkins and Cant [8] carried out 3D DNS with single-step Arrhenius chemistry to study flame propagating from kernels. They showed that for moderate to high intensity turbulence, the distribution of curvature shape factor is similar to that of planar flames. Chakraborty and Cant [9] studied the effect of strain and curvature on turbulent premixed planar and kernel flames and concluded that the displacement speed was negatively correlated with curvature and positively correlated with strain near the product side of the flame. They also determined that the pdfs of strain and curvature have Gaussian profiles. Jenkins et al. [10] employed 3D DNS with single-step Arrhenius chemistry to study strain and curvature effects on flames propagating from initially spherical kernels. Differences between spherically propagating and planar propagating flames were identified. The flame displacement speed was observed to be negatively correlated with curvature, and curvature and tangential strain rate were negatively correlated with each other. Effects on displacement speed were also studied by Klein et al. [11] and Chakraborty et al. [12] . From the point of view of modeling, flame-surface-density models have been extensively employed to model premixed flames propagation [13, 14] . The flame surface density evolution of flames developing from flame kernels has been studied by Dunstan and Jenkins [15] and Chakraborty and Klein [16] . The flame radius has been shown to have a significant effect on the statistics of flame curvature, strain rate, and propagation terms of the surface density function. These effects have also been studied by Reddy [6] in the context of lean premixed methane/air flames.
There are other studies that are relevant to the present work. Echekki and Chen [17] studied strain and curvature effects on turbulent premixed methane-air flames using 2-D DNS with a four-step chemistry mechanism and concluded that, although the topology of the flame surface was not significantly different in the presence of multistep kinetics, differences in transport and kinetic rates of the individual species influenced the flame structure. Enhancement in the volumetric heat release and fuel consumption rates was primarily due to the increase in flame surface area by wrinkling. They studied the probability distribution functions (pdfs) of strain and curvature in statistically-steady flames and found them to be Gaussian in shape.
There have also been studies of developing flame kernels interacting with a vortex pair that are indirectly related to the present study. Kolera-Gokula and Echekki [18] carried out 2D simulations of hydrogen flames with multi-step kinetics and observed breakthrough and global extinction regimes. They observed an enhancement in the flame surface area in the breakthrough regime. Reddy and Abraham [19] carried out similar 2D simulations with both multi-step and single-step Arrhenius chemistry for lean methane-air mixtures and identified wrinkling and breakthrough regimes although they did not observe the global extinction regime for their conditions. Differences between the results obtained with single-step and multi-step kinetics were highlighted.
The objective of the present work is different from those in the prior studies. The specific interest is in determining the time it takes for a spark-ignited kernel to grow through the "development" phase and reach the "full-developed flame propagation" phase by examining strain and curvature statistics. This is of relevance in engine modeling where tabulation approaches based on strain and/or curvature requires the shape of the pdf to be presumed. To this end, direct simulations of developing flame kernels interacting with flow fluctuations are carried out with reduced chemistry and the data analyzed to provide insight into the transient evolution of strain and curvature. Like many prior DNS studies, this study is 2-D in nature. In this sense, what is referred to as "turbulence" is not real turbulence; the compromise in dimension is made to accommodate the more complex kinetics in order to resolve limit phenomena such extinction and re-ignition. Recall that the prior 3D studies referenced above employ simplified single-step Arrhenius chemistry. The loss in dimensionality of the computations is likely to result in quantitative differences between 2D and 3D computations [20, 21] . Nonetheless, good qualitative agreement has been observed for the correlations between strain rates, curvature, flame displacement speed, and flame surface density statistics between the current 2D computations and 3D computations reported in the literature [6, 22] . This agreement suggests that, in spite of the expected quantitative differences between 2D and 3D computations, qualitative conclusions drawn from the 2D computations should be still valid.
In the section that follows, the computational conditions and setup are discussed. The results and flow fluctuation-kernel interaction regime map, and the transient evolution of strain and curvature are discussed in Section 3. The paper closes with summary and conclusions in Section 4.
COMPUTATIONAL MODEL
The numerical code employed in this work [23] [24] [25] [26] [27] solves the conservation equations for multi-component gaseous mixtures with chemical reactions. It can be employed for direct numerical simulations (DNS) and large-eddy simulations (LES). The sixth-order compact finite-difference scheme of Lele [28] is implemented for spatial discretization, whereas time integration is achieved through a compact-storage fourth-order Runge-Kutta scheme [29] . For the purpose of the computations reported here, periodic boundary conditions are implemented. In the present work, the mass diffusivities D k are computed using effective binary diffusion coefficients [30] . The code is written in Fortran 90 and parallelized using the message passing interface (MPI) library. The accuracy of the code has been assessed in several prior studies [19, 26, 27, 31] . The specific equations solved and numerical schemes are described in Ref. [32] .
A schematic of the computational domain employed in this work in shown in Fig. 1 . The domain is two-dimensional and measures 2.5 × 2.5 mm. The computational domain consists of lean premixed methane-air mixture with an equivalence ratio φ = 0.6 at a temperature of 810 K, and the pressure is 40 atm. These conditions are comparable to those in a lean-burn natural gas engine [19, 31] . An ignition kernel is initialized in the center of the domain. The mixture is initialized with a turbulent flow field with specified length and time scales as discussed below. This kernel has a diameter d K = 500 µm and temperature of the products within the kernel T b = 2150 K, and consists of combustion products present in a completely burned premixed methane-air mixture at φ = 0.6. Note that the setup is similar to the one employed in Ref. [31] where the focus was on the influence of initial ignition kernel temperature and size on subsequent flame development in lean methane-air mixtures under laminar conditions. The temperature is obtained by computing the equilibrium temperature of a fuel/air mixture for the conditions considered here. The laminar flame thickness δ L and laminar flame speed S L , under these conditions, are estimated to be 50 µm and 0.22 m/s respectively. Note that the actual process of spark-ignition of a mixture involves several processes occurring over fairly short time scales [4] lasting several microseconds. During this process, energy is deposited and there is likely to be local expansion of the gas which can influence the initial development phase. As Ref. [4] describes, the initial effects are likely to dissipate rather quickly. The one effect that may be consequential to the conclusions of this work is that the initial surface of the kernel is likely to be wrinkled when the initial discharge effects are dissipated. This is likely to accelerate the transition to a fully-developed flame. The conclusions of this work are specific to the case where the initial kernel is represented by a cylindrical kernel. A stochastic approach based on digital filtering is utilized to generate initial conditions for the turbulent flow-field [33] . This method generates synthetic turbulence through a linear combination of uncorrelated random white noise fields such that the resulting velocity field has prescribed turbulent length scales and Reynolds stresses. The method has been extended for periodic boundary conditions and is used to generate two-dimensional periodic turbulent flow fields with the prescribed input Reynolds stresses and length scales. A range of turbulent length and velocity scales are considered. The turbulent flow field has an integral length scale L I ranging from 0.1 mm to 0.5 mm and turbulence intensity u′ ranging from 1 m/s to 4 m/s. The L I to d K ratio λ varies from 0.2 to 1.0.
The domain is discretized with a uniform grid of 500 × 500 points, resulting in a resolution of 5 µm. The grid resolution is selected such that it is able to resolve both the flame and flow length scales adequately while still maintaining practically feasible computation times. A 21-species 84-reaction reduced mechanism (RM) is employed to model the chemical kinetics [34] . The accuracy of the model has been assessed in comparisons with the GRI-Mech3.0 mechanism [19, 31] . The laminar flame thickness is resolved by 10 points. The simulations employ a Courant-Friedrichs-Lewy (CFL) number of 0.9 which corresponds to a numerical time step of about 2.89 × 10 -9 sec. This simulation was carried out on an IBM computing cluster with 48 Intel 64 2.33 GHz dual socket quad core processors.
RESULTS AND DISCUSSION
The interaction with the kernel as a whole is dependent on the length scale ratio λ defined as the ratio of the integral length scale to the kernel diameter. Note that this ratio decreases as the kernel grows. This parameter is a measure of the number of flow eddies interacting with the flame kernel. Smaller λ values suggest larger number of smaller eddies interacting with the kernel. Such interaction is more likely to result in greater surface convolution. Larger λ suggest smaller number of large scale eddies interacting with the kernel and such interaction is likely to cause "bulk" convection of the kernel.
Based on extensive studies of flow-kernel interactions [13, 19] , the interactions can be summarized by drawing a regime map using λ and u′/S L as axes (see Fig. 2 ). Based on the different length scale and velocity scale ratios, this regime map can be divided into four broad interaction regions. Kernel breakup is observed for small λ values with moderate to high fluctuation intensities where local extinction due to high strain rates lead to formation of secondary kernels (see Fig. 3a ). This regime is observed for the simulation with L I is 0.1 mm and u′ is 4 m/s. Kernel deformation regime is observed for small λ values with low fluctuation intensities (u′/S L < 5) where small scale deformations are observed as in Fig. 3b , similar to those in the kernel breakup regime. However, the amplitudes of these deformations are smaller and the low intensity eddies are unable to cause local extinction or kernel breakup. This regime is observed for the simulation with L I is 0.1 mm and u′ is 1 m/s. Kernel convection regime is observed for large λ values which are typically of the order of 1 or larger. Due to large λ values, the eddies are comparable in size or larger than the kernel diameter and fewer eddies can interact with it. This interaction is characterized by bulk convection of the kernel (see Fig. 3c ). This regime is observed for the simulation with L I is 0.5 mm and u′ is 2 m/s. It should also be noted that as the kernel grows, λ decreases. This leads to different interaction regimes during the transient evolution of the kernel. This path is represented by a horizontal line on the regime map where the interaction progressively moves from kernel convection to kernel breakup or deformation regimes. Note that if u′/S L < 0.1, the kernel is only very mildly wrinkled and it develops like a laminar flame [6, 31, 35, 36] .
In the computations, the flame position can be tracked by defining a scalar quantity called progress variable c which determines the extent of combustion. The c can be defined with different choices of scalar variables, e.g. temperature [6] . In this work, it is defined on the basis of fuel mass fraction as c = 1-Y F /Y F,u , where Y F and Y F,u are mass fractions of the fuel species in the flame and the unburned gas, respectively. This progress variable has a value of 0 in the unburned region and 1 in the burned regions. The flame front can be tracked by determining the position of a c iso-surface. In the 
where N i is local flame normal vector which in turn is defined as
A tangential strain rate a T can be defined as
Strain and curvature are normalized by using (unstrained) laminar flame thickness δ L and laminar flame speed s L as scaling parameters, i.e. normalized curvature κ n = κδ L and normalized strain a Tn = a T δ L /s L . Figure 4 shows the evolution of the tangential strain rate probability density function (pdf) when L I is 0.1 mm, u′ is 1 m/s, and d K is 0.5 mm. The pdfs in Fig. 4 are estimated by first calculating the probability of finding a strain rate in the flame lying within a strain band width ∆S and then determining the value of its corresponding pdf by scaling the probability with the width of the strain rate band. The conditions considered in Fig. 4 lie in the kernel deformation regime (see Fig. 3b ). In Fig. 4 , the physical time is normalized by a fluctuation flow time scale τ, which is defined as the ratio of the integral length scale L I to the fluctuation intensity u′, and is used to normalize the physical time in this paper. It can be observed in Fig. 4 that the shape of the pdf for strain rate can be approximated by a Gaussian pdf beyond t* = t/τ = 2. Subsequent evolution of the profile beyond this time is characterized by decreasing width and increasing height of the pdf. Beyond t* = 4, the shape of the pdf changes at a much slower rate and the normalized root mean square (RMS) difference between the pdfs at t* = 4 and t* = 7.5 is less than 10%. Thus, beyond a certain characteristic time of interaction, the pdf of the strain rate can be approximated as a Gaussian profile which can be described by its mean µ and standard deviation σ as follows:
In Fig. 4 , the mean and variance of the Gaussian pdf are 0.4 and 1, respectively. The RMS difference between the fully developed pdf and a Gaussian fit is less than 2%.
It can also be seen in Fig. 4 that prior to t* = 2, the shape of the pdfs is not Gaussian. The pdfs have irregular shapes and no single unique shape can be used to describe the different pdfs. The flow-kernel interaction is highly unsteady in nature before t* = 1. Since the kernel is small in size during this period, only few eddies interact with the ignition kernel and this leads to non-Gaussian strain rate profiles. The unsteady kernel development period is calculated by tracking the time evolution of mean and variance of the fitted Gaussian pdf for the strain rate. The characteristic non-dimensional time for attaining fully developed state is defined as the time required to reach 90% of the fully developed mean and variance values. In Fig. 4 , this non-dimensional time is equal to about 4 flow time scales, i.e. t* = 4. Note that the initial kernel has a curvature. For the flame kernels considered in this work, the initial curvature κ n = 0.1. During the early stages of kernel growth, flame curvature is also likely to be induced by eddies interacting with the kernel from the unburned gas. With increasing time, the probability of interaction with scales from within the kernel also increases. Figure 5 shows the evolution of the pdf of curvature for a simulation where L I is 0.1 mm and u′ is 1 m/s, the same case for which the strain rate pdf is shown in Fig. 4 . The pdf at t* = 1 does not have a Gaussian shape and its peak occurs at κ n = 0.1 which corresponds to the curvature of the initial ignition kernel. The shape of the pdf becomes Gaussian beyond t* = 2. Beyond this time period, the pdf retains the Gaussian structure and has a marginal increase and decrease in its height and width, respectively. In fact, beyond t* = 3, the normalized RMS difference between the pdf and a constant Gaussian profile with µ = 0 and σ = 0.14 is less than 5%. Thus, a Gaussian approximation for the curvature pdf is valid beyond about t* = 2 . The nondimensional unsteady kernel development time period for curvature is also determined by tracking the time evolution of mean and variance of the fitted Gaussian pdf and it is found to lie in the range t* = 2 -2.5. Note that this value for the strain rate was t* = 4. In the discussion above, the fluctuation flow scales are L I = 0.1 mm and u′ = 1 m/s, and the kernel diameter d K = 0.5 mm, i.e. λ is 0.2. Under these conditions, the developing kernel lies in the wrinkling regime. A series of 8 simulations with varying turbulent flow scales were carried out in order to study the influence of different regimes (see Fig. 2 ) on the characteristics of the Gaussian pdf and the time required to attain steady pdf profiles. The integral length scales considered lie between 0.1 and 0.5 mm, and the fluctuation intensities vary from 1 m/s to 4 m/s. The kernel diameter was set to 0.5 mm for 7 cases and set to 1 mm for one case. The results of this study are shown in Table 1 , where the Gaussian parameters employed and the time to achieve steady state for strain rate and curvature pdfs are also given. The non-dimensional time required for the strain rate pdf to reach steady state is about 4 and the time required for the curvature pdf to reach steady state is about 2.5 for all cases.
It can be seen in Eq. (6) that a Gaussian pdf is characterized by its mean µ and variance σ 2 . The variation of these two parameters with turbulence scales will be analyzed below. In the flow field, a characteristic strain rate S of the interaction can be defined on the basis of the length and velocity scales as (5) ±S is a measure of the range of strain rates encountered in the flow field. The range increases with increasing velocity and decreasing length scales. As discussed above, the width of the pdf, which can be represented by the variance, scales with the peak strain rate. In 8 simulations with integral length scales varying from 0.1 to 0.5 mm and fluctuation intensities varying from 0.5 to 4 m/s, σ 2 is found to vary linearly with S, i.e.
International journal of spray and combustion dynamics · Volume . 4 · Number . 4 . 2012 333 Table 1 where C 1 is a constant of proportionality, when the flame is fully developed. This constant is found to be approximately 10 -4 . The mean µ of the strain rate pdf is found to increase with increasing turbulence intensities and decreasing length scales. As the peak strain rate increases, it is likely to encounter larger positive strain rates in turbulence-kernel interactions. Since the peak strain rate increase with increasing u′ and decreasing L I , the mean of the pdf shows a similar trend.
Similar to the strain rate, the variance of the Gaussian pdf for curvature is found to be dependent on the flow scales. It can be seen in Table 1 that the width or the variance of the pdf decreases with increasing λ. Recall that λ is the ratio of the integral length scale to the kernel diameter. The correlation of σ with λ can be explained as follows.
Smaller λ values represent larger number of small scale eddies interacting with the kernel. This leads to the formation of small scale deformations or wrinkles on the surface of the kernel. Since, flame curvature can be thought of as an inverse of the radius of curvature, small scale wrinkles will have a large curvature value when compared to large scale wrinkles produced for larger λ values. Thus, a smaller range of curvatures will be generated with increasing λ. The mean of the statistically steady pdf is close to zero for all the simulations. During flow-kernel interactions, both positive and negative curvatures are equally likely to be generated. Thus, by the time the flame kernels become fully developed, the influence of the initial curvature of the kernel disappears and a zero mean is recovered.
It is reasonable to assume that the time required for the flame to become fully developed relates to the flow fluctuation time scale. It is expected that the kernel is influenced by a similar number of eddies in one flow time scale, t * , and the flow time scales required to reach the fully developed profiles would be comparable irrespective of the regime. That this is in fact the case is shown by the results in Table 1 where, irrespective of the scales or interaction regime, the strain rate and curvature pdfs reach their fully developed profiles in about t* = 4 and t* = 2.5, respectively. A correlation between strain and curvature is expected as any curvature in the flame induces stretch and leads to strained flames. This curvature induced strain accounts for one part of the total strain induced by the flame; the rest of the strain being on account of the flow field. Thus, it is expected that the time required to achieve the fully developed pdfs for strain and curvature should be similar. However, it is observed that the curvature pdf achieves a fully developed Gaussian profile earlier than the strain rate pdf. The reason(s) for this difference will now be explored. Figure 6 shows a scatter plot of strain and curvature for a simulation with L I of 0.1 mm and u′ of 1 m/s. The diamond symbols on the plot show the mean correlation between strain and curvature. It can be observed that the strain and curvature are negatively correlated on a mean basis. The negative correlation between strain rate and curvature for flame kernels has been observed earlier [7] [8] [9] [10] [11] [12] . Note from Fig. 6 that there is not, however, a one-to-one correlation in that a straight line is not recovered in Fig.  6 . Similar scatter was observed for the three kernel interaction regimes during both steady and transient periods. This suggests that flow-induced strain is important, in addition to curvature-induced strain. For this reason, the curvature and strain pdfs evolve on different time scales because they are only partly dependent on each other.
It has been seen in the discussion above that the time required to achieve fully developed curvature and strain rate pdfs are about t* = 4 and t* = 2.5, respectively, and that this time is independent of the flow scales. It is of interest to study whether the laminar flame speed has an influence on this time. The results presented above are under lean-burn conditions where φ = 0.6. The baseline case with L I = 0.1 mm, u′ = 1 m/s, and λ = 0.2 was repeated with φ = 0.8 and φ = 1.0. The laminar flame speed increases as the mixture becomes less lean from φ = 0.6 to φ = 1.0 and it is expected that the flame kernel will grow faster for higher equivalence ratios. However, it was found that the time required to reach the steady strain and curvature pdf profiles is not significantly influenced by the higher flame speeds. The higher flame speed results in a faster kernel growth which can be more readily influenced by larger eddies, but these eddies require longer to influence the kernel and there is a balance of sorts.
It is important to note that all the simulations discussed above have a λ smaller than unity. In spark-ignited engines, the ignition kernel diameter is typically smaller than the integral length scale of the flow field and the initial λ is expected to be greater than 3. A λ of 1 or less is expected once the ignition kernel has grown larger than turbulent length scales. In natural gas engines with hot-gas jet ignition, both ignition kernels and turbulent eddies are generated by the turbulent jet and thus λ is expected to be close to unity. To provide additional insight relevant for these practical situations, the influence of initial λ > 1 on the kernel development time period is studied by conducting an additional flowkernel interaction simulation with L I = 0.5 mm, u′ = 4 m/s, and λ = 5. A kernel diameter, d K = 0.1 mm, is selected. The kernel, as expected, is initially primarily convected by the flow field. Subsequent kernel growth results in kernel wrinkling and the kernel reaches an equivalent kernel diameter of 0.5 mm at t* = 7.5. The strain and curvature pdfs vary considerably during this period as the flow kernel is smaller than the integral length scale and is able to interact with only some of the flow eddies. Once λ becomes less than unity, the kernel is able to interact with all the turbulent eddies and fully developed strain and curvature pdfs are observed at t* = 11, i.e. about 3.5 non-dimensional times scales beyond the time when λ becomes 1. This value is comparable to the 4 flow time scales required for different flow-kernel interactions in Table 1 . Taking all the results together, the conclusion can be drawn that the kernel development time for λ < 1 is independent of λ. This seems reasonable considering that the flame kernel is influenced by the entire spectrum of fluctuation scales once its size is smaller than the integral length scale. When λ > 1, the flame kernel interacts initially with only a fraction of the scales and thus it requires longer time to achieve steady strain and curvature statistics, but the time beyond the point when λ becomes 1 remains about the same at about 4 flow time scales. The time required to reach λ = 1 is expected to depend on the initial λ value as a smaller λ will require larger kernel growth time. The initial kernel development for λ > 1, i.e. until λ reaches 1, is also expected to be a stronger function of the flame speed.
SUMMARY AND CONCLUSIONS
In this work, the influence of fluctuating flow scales on transient evolution of strain and curvature statistics in flow-kernel interactions during early kernel development period is numerically investigated. The interactions may be representative of turbulence-kernel interactions. We have avoided a direct one-to-one correlation with turbulence because our simulations are 2D although many researchers have made such correlations in prior work using 2D simulations. The conditions considered are relevant to lean-burn naturalgas fueled reciprocating engines. It is observed that strain and curvature have distinct characteristic times associated with the evolution of their transient statistical profiles to statistically steady profiles. These characteristic times are a consequence of unsteadiness in the flow-kernel interactions during early kernel development. The characteristic times are found to be about 4 and 2.5 eddy turn over times for strain and curvature, respectively. These values are found to be independent of flow scales for λ < 1 where all the flow scales are able to interact with the ignition kernel during the entirety of the interaction. For conditions where λ > 1, longer transient development periods are observed for strain and curvature statistics. However, since λ continuously decreases during kernel growth, transient durations comparable to those observed for λ < 1 are observed even for these cases beyond the time when the effective kernel diameter becomes comparable to the integral length scale i.e. λ = 1.
